Abstract Acute Myeloid Leukaemia (AML) is one of the common forms of haematological malignancy in adults. We analysed the prevalence and clinical significance of FMS-like tyrosine kinase 3 (FLT3) and Nucleophosmin 1 (NPM1) mutations in AML patients of North East India. Co-prevalence and clinical significance of three recurrent chromosomal translocations namely t(15; 17), t(8; 21), t(16; 16) and expression of epidermal growth factor receptor (EGFR), flow markers were also documented and co-related with disease progress. We analysed bone marrow aspirates or peripheral blood samples from 165 newly diagnosed AML patients. All clinical samples were analysed by Real Time PCR and DNA sequencing based assays. NPM1 was the most frequently detected mutation in the study population (46/165 = 27.90%, 95% CI 20.75-35.05). FLT3 mutations were detected in 27/165 (16.40%, 95% CI 10.45-22.35) patients with internal tandem duplication (FLT3-ITD) in 24/165 (14.60%, 95% CI 8.91-20.29) and FLT3-D835 in 3/165 (1.80%, 95% CI 0-4.13) patients. NPM1 mutations were associated with a higher complete remission rate and longer overall survival (P \ 0.01) compared to FLT3-ITD whereas FLT3-ITD showed adverse impact with poor survival rate (P \ 0.01), leukocytosis (P \ 0.01) and a packed bone marrow. EGFR expression was more in patients with NPM1 mutation compared to FLT3 mutation (P = 0.09). Patients with FLT3 and NPM1 mutations uniformly expressed CD13 and CD33 whereas CD34 was associated with poor prognosis (P B 0.01) in patients with NPM1 mutation. FLT3-ITD was associated with inferior overall survival. However the clinical significance of FLT3-D835 was not clear due to small number of samples. NPM1 mutation showed better prognosis with increased response to treatment in the absence of FLT3-ITD.
Introduction
Acute Myeloid Leukaemia (AML) is a type of blood borne malignant disease, originates from faulty haematopoietic progenitor cells as a result of acquired genetic alterations [1] . It is a complex multistep process where cooperation of these genetic alterations of different classes is required to obtain full-blown leukaemia [2] . Alterations responsible for causing AML includes Class I mutations such as FMSlike tyrosine kinase 3 (FLT3), KIT and RAS which activates signal transduction pathways resulting proliferation and survival potential of haematopoietic progenitors. On the other hand t(8; 21), inv (16) and t (15; 17) are designated as Class II mutations (translocations) that affect transcription factors and impair hematopoietic differentiation [3] . Recently Nucleophosmin 1 (NPM1) mutation has been considered to be a Class II mutation affecting hematopoietic transcription and differentiation [4] .
FLT3 mutation is one of the most commonly detected mutations in AML. Almost 30% AML patients with normal karyotype harbour FLT3 mutation but the risk stratification depends on some other factors also such as the nature of the mutation, mutational burden, it's interaction with other mutation(s), their expression level(s) etc. FLT3 mutation is classified into two categories including internal tandem duplication (FLT3-ITD) in the juxtamembrane (JM) domain and point mutation in the tyrosine kinase domain (FLT3-TKD) [5] . FLT3-ITD mutation is already known to be a poor prognostic indicator whereas the prognostic value of FLT3-TKD or FLT3-D835 mutation is still not clear [6] .
NPM1 mutation in exon 12 is the most frequently detected mutation in cytogenetically normal AML patients with favourable prognosis in terms of response to chemotherapy or disease free survival (DFS). About 35% patients harbour this mutation irrespective to any subtypes and highly associated with FLT3 [7] . There are several NPM1 mutation types detected so far such as type A through type F which causes due to either insertion or deletion of new four nucleotides in C-terminal region making NPM1 mutant-mediated cytoplasmic delocalization of nuclear proteins [8] .
Acute Promyelocytic Leukaemia (APL) is one of the unique subtypes in AML characterized by a reciprocal translocation involving the promyelocytic leukaemia (PML) gene from chromosome 15 and the retinoic acid receptor alpha (RARa) gene from chromosome 17 or t(15; 17)(q22; q12) that results in the PML-RARa fusion transcript. This oncoprotein impairs myeloid differentiation, essential to leukaemogenesis and forms different subtypes referred to as long (L or bcr1), variant (V or bcr2) and short (S or bcr3). APL represents less than 10% of all AML and is associated with good prognosis [9] .
Acute Myeloid Leukaemia 1-Eight Twenty One (AML1-ETO) fusion transcript is the result of reciprocal translocation involving the AML1 gene from chromosome 21 and the ETO gene from chromosome 8 or t(8; 21) (q22; q22), suggested to function as a transcriptional repressor and is usually associated with good prognosis. The prevalence of AML1-ETO in all AML cases is 5-10% and in FrenchAmerican-British-M2 (FAB-M2) it is 10-22% [10] .
INV (16) or Core Binding Factor Beta-Myosin Heavy Chain 11 (CBFb-MYH11) fusion transcript is the result of core-binding factor, b subunit gene at 16q22 and myosin, heavy chain 11, smooth muscle gene at 16p13 [t(16; 16)(p13; q22) or inv(16)(p13.1q22)] and is associated with favourable prognosis. The prevalence of CBFb-MYH11 in AML is approximately 5-7% [11] . Over expression of epidermal growth factor receptor (EGFR) is already known in solid tumours but very few data are available in AML. Sun et al. have shown that the expression of EGFR in AML is approximately 33% from M1 to M7 subtypes and reported that EGFR confers poor prognosis in AML [12] . Immunophenotyping plays a great role in detecting AML and classifying AML subtypes [13] .
There is paucity of data from North East India on the prevalence and clinical significance of FLT3 and NPM1 mutations in AML. Co-prevalence and clinical significance of other genetic alterations in patients with FLT3 and NPM1 mutation are also very rare. In this study we have reported the prevalence and clinical significance of FLT3 and NPM1 mutations. The possible influence of other common chromosomal translocations such as t(15; 17), t(8; 21), t(16; 16) and expression of EGFR and flow markers were also documented in these patients.
Materials and Methods

Selection Criteria of Patients
Ethical approval was obtained from institutional ethics committee to conduct the study. Bone marrow aspirate or peripheral blood was collected from 165 de novo AML patients in the Department of Clinical Haematology, Gauhati Medical College and Hospital, Guwahati, Assam from August 2013 to February 2016. Signed written informed consent was obtained from each patient before collecting the samples. These include 90 males and 75 females from the age of 1-84 years. Confirmed diagnosis of AML was done based upon complete blood count and blood smear, cytogenetics and flow cytometry. Peripheral blood or bone marrow aspirates were collected in 2 ml K2EDTA tubes (Becton-Dickinson, Franklin Lakes, NJ, USA), transported to the laboratory on ice as soon as possible and processed within 24 h of collection.
Cytomorphology, Cytogenetic Analysis, Flow Cytometry
Following FAB and World Health Organization (WHO) criteria, smears from each bone marrow and peripheral blood samples were stained, including May-GrunwaldGiemsa stains and myeloperoxidase (MPO) [14] . Karyotyping was done for all cases according to the International System for Human Cytogenetic Nomenclature to detect chromosomal abnormalities [15] , and for flow cytometry diagnosis from peripheral blood or bone marrow aspirate was done according to the presence and availability of blast cells as described [16] . Monoclonal antibodies used for flow cytometry (BD FACSCANTO II) were MPO-FITC, CD13-PE, CD33-PE-Cy7, HLA-DR-V500, CD34-PerCP, CD45-APC-H7, CD117-APC, CD56-APC, CD123-PE, CD7-FITC, CD15-BV421 and CD19-APC which were obtained from Becton-Dickinson Biosciences, USA.
DNA, RNA Extraction and c-DNA Preparation DNA was extracted from peripheral blood or bone marrow aspirates by using the HiPurA Blood Genomic DNA Miniprep Purification Kit (HiMedia Laboratories Pvt. Ltd, Mumbai, India) following the manufacturer's instructions. Total RNA was extracted from peripheral blood or bone marrow aspirates by using the QIAamp RNA blood mini kit (Qiagen GmbH, Hilden, Germany) following the manufacturer's instructions. Superscript III First Strand Synthesis System for RT-PCR kit (Thermo Fisher Scientific Waltham, MA USA) was used to prepare c-DNA from the extracted RNA. Peripheral blood was collected from patients with WBC C 10,000/lL whereas bone marrow aspirates were considered for patients with WBC \ 10,000/lL and was maintained throughout the study for blood or bone marrow aspirate collection. A marrow or blood blast count of minimum 20% was considered for a diagnosis of AML as well as for the sample collection.
Detection of FLT3 and NPM1 Mutations
FLT3-ITD mutations (exon 14-15) were analysed on genomic DNA by PCR amplification as previously described [17] . In the absence of FLT3-ITD a fragment of 329 bp was detected in wild-type FLT3 gene whereas additional upper band (higher molecular weight band) was observed in cases with FLT3-ITD mutation (Fig. 1a) . FLT3-D835 mutation detection was accomplished using the forward primer of 5 0 -GCCAGGAACGTGCTTGTCACC-3 0 and the reverse primer of 5 0 -CCACAGTGAGTGCAGTT GTTTACC-3 0 . The amplification reaction was carried out using 5 min of initial denaturation at 95°C, 35 cycles of 1 min at 95°C, 45 s at 66°C, 45 s at 72°C with a final extension at 72°C for 5 min. Amplified products were then digested with EcoRV restriction endonuclease (HiMedia Laboratories Pvt. Ltd, Mumbai, India) as per manufacturer's instructions. The digested PCR products were visualized on a 2.5% agarose gel. The undigested band size for FLT3-D835 was 185 bp and after digestion 2 bands were observed for wild-type samples (125 and 60 bp). After digestion any sample with 3 bands (185, 125 and 60 bp) was considered as FLT3-D835 mutant (Fig. 1b. ). NPM1 mutations were analysed on genomic DNA by PCR amplification and DNA sequencing was performed to detect different types of NPM1 mutations as previously described [18] . PCR analysis revealed that NPM1 samples produced a band of 560 bp (Fig. 2a) . Sequencing of the amplified DNA revealed 3 types of NPM1 mutations-type A, type B and type D (Fig. 2b.) . Genomic DNA after isolation was measured for quality and quantity by agarose gel electrophoresis (Major Science Co., Ltd., Taiwan) and Multiskan GO Microplate Spectrophotometer (Thermo Fisher Scientific Waltham, MA USA) respectively. For further PCR amplification the DNA samples having concentration between 50 and 400 ng/ll and purity of 1.8-2 were only considered.
Detection of Fusion Transcripts and EGFR Gene Expression
Using inventoried Taq-man assays (Taqman Universal Master Mix II with UNG from Thermo Fisher Scientific Waltham, MA USA) qRT-PCR was performed to detect PML-RARa, (ID: Hs03043651_ft for bcr1 and ID: Hs03024794_ft for bcr3), AML1-ETO (ID: Hs03024752_ft), CBFb-MYH11 (ID: Hs03460064_ft) fusion transcripts and EGFR (ID: Hs01076078_m1) expression as per StepOnePlus (StepOnePlus-Real Time PCR system, Thermo Fisher Scientific Waltham, MA USA) pre installed protocol. All samples were used for relative quantitative PCR to detect fusion transcripts and EGFR expression where Glyceraldehyde 3-phosphate dehydrogenase or GAPDH (ID: Hs99999905_m1) served as a reference gene (endogenous control).
Treatment Protocol
All patients were treated as per standard protocol. Following diagnosis for patients with less than 12 years of age BFM 87 (Berlin-Frankfurt-Munster) protocol was followed. Adult patients (less than 50 years) received remission induction therapy ''7 ? 3 regimen'' of cytarabine (100 mg/m 2 ) for 7 days plus daunorubicin (60 mg/m 2 ) for 3 days. As a consolidation 3 cycles of high dose cytarabine 3 g/m 2 every 12 h on days 1, 3 and 5 were given. Low-dose chemotherapy regimens were given for older patients as per requirement. In addition, fluconazole prophylaxis and antibiotic coverage were given to those patients as per requirement.
Statistical Analysis
The focus of the statistical data analysis in our study was to estimate and determine the prevalence and clinical significance of FLT3, NPM1 mutations. Quantitative data such as age, WBC count, platelet count, haemoglobin level and blast count percentage were analysed using non-parametric test, Mann-Whitney U tests. Kaplan-Meier Product Limit Estimator was used to study the survival of patients having FLT3, NPM1 mutations. Log-rank was used to compare the survival pattern of patients having FLT3 and NPM1 mutations with FLT3 and NPM1 wild-type patients. Overall survival (OS) was calculated using the KaplanMeier method to estimate overall and group wise median survival. To be statistically significant, a two-sided P value \0.05 was considered. All statistical analyses were done using statistical packages SPSS 17.0 (SPSS Inc. Chicago, IL) and Epi Info 2000 (Centers for Disease Control and Prevention, Atlanta, GA).
Results
Clinical characteristics of patients with FLT3 and NPM1 mutation in the studied group are summarized in Table 1 and clinical characteristics of patients with NPM1 mutation (Live vs. Dead) in the studied group are summarized in Table 2 . FLT3 mutations were detected in 27/165 (16.40%, 95% CI 10.45-22.35) patients (FLT3-ITD in 24/27 patients and FLT3-D835 in 3/27 patients). NPM1 mutations were detected in 46/165 (27.90%, 95% CI 20.75-35.05) patients. Seven patients with both NPM1 and FLT3 mutations were detected. Type A mutation was the most common (41/46 = 89.20%) types of NPM1 mutation followed by type B (3/46 = 6.50%) and type D (2/46 = 4.30%). PML-RARa fusion transcripts were detected in 5/27 (19%) patients with FLT3 mutation (all were detected in FLT3-ITD). Among 5 PML-RARa?/ FLT3-ITD? patients, bcr3 were detected in 3 patients and bcr1 were detected in 2 patients respectively and the survival time was comparatively less in bcr3 patients. In patients with FLT3 mutation the presence of PML-RARa (P = 0.89) and EGFR (P = 0.52) expression were insignificant compared to FLT3 wild-type. However AML1-ETO fusion transcripts were detected only in FLT3 wild-type patients and not in patients with FLT3 mutation (P = 0.02). PML-RARa and AML1-ETO fusion transcripts were detected in 11/46 (24%) and 7/46 (15.50%) patients with NPM1 mutation respectively. The prevalence of PML-RARa (P = 0.18) and AML1-ETO (P = 0.88) were insignificant in patients with NPM1 mutation compared to patients with NPM1 wild-type. However the expression of EGFR was significantly higher in patients with NPM1 wild-type compared to patients with NPM1 mutation (P \ 0.01).
Out of 27 patients with FLT3 mutation 22 patients were cytogenetically normal (other 5 patients were detected with t(15; 17) translocation) whereas out of 46 patients with NPM1 mutation 28 patients were cytogenetically normal [other 11 and 7 patients were detected with t(15; 17) and t(8; 21) translocations respectively]. No CBFb-MYH11 fusion transcript was detected in our study. No Chromosomal deletion was detected in patients with FLT3 and NPM1 mutation. However 11.50% (19/165) patients (patients without FLT3 and NPM1 mutation) had complex karyotype such as monosomies (-3, -12, -13, -15, -18 The expression of EGFR was detected in 35% patients in our study, where 3/27 (11.50%) patients were with FLT3 (only in FLT3-ITD) mutation and 13/46 (28.50%) patients were with NPM1 mutation. All patients were MPO positive. Strong and common expressions of CD13, CD33 were detected in all patients with FLT3 and NPM1 mutation. The expression and the effect of flow markers (except CD13 and CD33, as they uniformly expressed) were analysed in patients with NPM1 mutation ( Table 2) . As FLT3-ITD positive patients survived for a very less period of time (maximum 3 months) we have not performed the same analysis for FLT3-ITD. The expression of HLA-DR (20/27 = 74.5%), CD7 (14/27 = 52%), CD34 (15/ 27 = 56%) and CD123 (18/27 = 67%) were more compared to CD117 (10/27 = 37%), CD56 (11/27 = 41%), CD19 (0/27) and CD15 (0/27) in patients with FLT3 mutation.
Treatment and Follow Up
Of a total 27 patients with FLT3 mutation, 20 patients received intensive, cytarabine-based induction chemotherapy. For 7 patients induction therapy could not be completed and died before the treatment due to severe bleeding. ITD?) survived more than 3 months. Poor overall survival was noticed in 1/3 FLT3-D835 patients and survived less than 40 days. However 2/3 FLT3-D835 patients achieved complete bone marrow remission after both the therapy. The follow up duration was 24 months. For patients with NPM1 mutation cytarabine-based induction and consolidation chemotherapy were used. Out of 46 patients 5 patients died due to severe bleeding and 7 patients died during the induction therapy. Bone marrow remission rate was better in patients with NPM1 mutation. During the follow up time of 35 months 26/46 (56.50%) patients died and complete remission was achieved for 20/46 (43.50%) patients. The mean survival time of patients with NPM1 mutation was 16.59 months (95% CI 11.94-21.24) whereas for patients with NPM1 wild-type the mean survival time was 24.96 months (95% CI 22.11-27.81).
Survival Analysis
The death rate in our study was 25/27 for patients with FLT3 mutation and 26/46 for patients with NPM1 mutation and the CR rate was 2/27 for patients with FLT3 mutation and 20/46 for patients with NPM1 mutation (Table 1) . Survival analysis revealed that (Fig. 3 ) the probability of survival of patients with FLT3-ITD (P \ 0.01) and NPM1 mutation (P B 0.01) were significantly lower compared to patients with FLT3 wild-type and NPM1 wild-type respectively. However it was not observed in FLT3-D835 positive patients (P = 0.80). 
Discussion
Although cytogenetics is considered one of the most valuable prognostic determinants in AML but in patients with normal karyotype, FLT3-ITD and NPM1 mutation plays an important role in prognostic risk stratification. Therefore, correct mutation identification may help to optimize therapeutic approaches in AML. We assessed the prevalence and prognostic impact of FLT3 and NPM1 mutations in our study group of 165 AML patients. In patients with FLT3 and NPM1 mutations, the associations of other genetic alterations have also been evaluated to understand any possible role in disease outcome. The prevalence of FLT3 and NPM1 mutations found in this population was in coherence with other studies (Asian and Western) despite geographic and ethnic differences (Tables 3, 4 ) [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Patients harbouring C3 acquired chromosome aberrations in the absence of three prognostically favourable recurrent chromosomal translocations namely t(15; 17), t(8; 21), t(16; 16), are categorised into a separate group known as AML with complex karyotype [31] . Approximately 10-14% of all AML patients has karyotype complexity and is associated with poor prognosis [32] . The 
Bold value indicates p B 0.01 prevalence rate of karyotype complexity was found similar in our study. Our analysis also demonstrated that patients with complex karyotype showed significantly poor survival compared to patients with normal karyotype and the reason could be the absence or presence of specific chromosome and/or gene alterations which may differently respond to therapy.
In AML, if samples are diluted with no malignant hematopoietic elements it will lower the sensitivity of the assay, therefore blast percentage plays a central role in diagnosis and sample collection [5] . Earlier studies have shown the independent poor and favourable prognostic impact of FLT3-ITD and NPM1 mutations respectively [33, 34] . Presence of FLT3-ITD was associated with poorer prognosis compared to patients with FLT3 wild-type and patients with NPM1 mutation and was statistically significant. However we did not find that APL or NPM1 (which are considered to be good prognostic markers) mutation has any favourable prognostic impact on FLT3-ITD patients as none of the patients survived. This could be due to higher ITD ratios comparison to NPM1 mutant level or PML-RARa transcript level. One drawback of our study was because of financial constraints no FLT3-ITD patient underwent transplantation which could affect their survival. The clinical significance of FLT3-D835 is still under debate and more studies are required for a concrete conclusion [35] . In our present study the numbers of FLT3-D835 patients were too small to draw a firm conclusion. The association of FLT3-ITD with APL patients is well known but the prognostic impact of FLT3-ITD in APL is still controversial [36] [37] [38] . In our study PML-RARa?/ FLT3-ITD? patients were associated with higher WBC count, hypogranular variant morphology (M3v) and breakpoint cluster region 3 (bcr3) isoform. The prognosis of bcr3 patients were poorer compared to breakpoint cluster region 1 (bcr1) in APL patients [37] . That could be one more reason for lower survival rate of APL patients with FLT3-ITD in our study. The highest survival period observed was 3 months for APL patients with FLT3-ITD mutation. However no FLT3-D835 association with APL patients was observed.
Earlier studies reported that the low prevalence of FLT3-ITD in AML1-ETO patients [3] , or presence of FLT3-ITD in AML1-ETO patients with significantly higher relapse rate and shorter leukaemia free survival (LFS) [39] . FLT3-D835 was reported to be lower in AML1-ETO patients [40] . No association was observed between FLT3 mutants (FLT3-ITD and FLT3-D835) and AML1-ETO in our study.
Common fusion transcripts such as PML-RARa, AML1-ETO, CBFb-MYH11 were reported to be absent in NPM1 mutants [41] . One study from India showed that the prevalence rate of NPM1 mutation in APL was higher (45%) [42] . In our study we have also noticed the similar association but with lower prevalence. This striking observation indicates that in Indian population PMLRARa might be frequent in patients with NPM1 mutation. Previous study showed that in India the prevalence of AML1-ETO in patients with NPM1 mutation was very low [3] . In our study the prevalence of AML1-ETO in patients with NPM1 mutation was higher which is a rare observation. However no significant prognostic impact of PMLRARa and AML1-ETO were observed in patients with NPM1 mutation.
The prognostic impact of NPM1 in the absence of FLT3-ITD is well known but according to a very recent large study it was reported that type A mutation confers poor overall survival in patients with NPM1 mutation [43] . This could be one of the reasons which affected the overall survival in patients with NPM1 type A mutation in our study group. Previous studies demonstrated that high WBC count, cytogenetic abnormalities, older age, association with FLT3-ITD [44, 45] , expressions of HLA-DR, CD34 and CD7 [46] also have a significant impact on survival in patients with NPM1 mutation. Due to our limited number of cases of patients with NPM1 type B and type D mutation we could not statistically compare the above parameters with NPM1 type A mutation. However we could analyse those parameters in patients with NPM1 mutation (live vs. dead group). Our analyses implied that WBC count, cytogenetic abnormalities, age, association with ITD, HLA-DR and CD7 were insignificant in these 2 groups. However CD34 expression significantly showed poor prognosis in patients with NPM1 mutation (dead group) and CD15 expression was significantly higher in patients with NPM1 mutation (live group). Kaplan-Meier survival analysis showed that the probability of survival in patients with NPM1 mutation was significantly lower compared to patients with NPM1 wild-type. Larger prospective studies with more data are required for clearer understanding.
The expression and clinical outcome of EGFR in AML is still under controversy [12, 47] . In our study EGFR expression was almost similar with the earlier report [12] and the expression was more in patients with NPM1 mutation compared to patients with FLT3 mutation although it was statistically insignificant. Our study also confirmed that EGFR expresses in AML. Although abnormal EGFR expression shows unfavourable prognosis in solid cancers, the effect of EGFR expression in patients with FLT3 and NPM1 mutation was insignificant.
Conclusion
In summary, our study indicates that FLT3-ITD and NPM1 are common genetic alterations in Indian adult patients with AML. FLT3-ITD mutation uniformly confers poor overall survival with an aggressive presentation but the prognostic impact of FLT3-D835 mutation remains unclear. A larger study with more FLT3-D835 patients is needed to confirm. Although NPM1 and APL indicates good prognosis, but association with FLT3-ITD results in poor outcome in those patients. The maximum survival time in patients with NPM1 mutation is recorded more than 30 months till the possible follow up time but the probability of survival is significantly poorer compare to patients with NPM1 wild-type. The association of PML-RARa and AML1-ETO fusion transcripts is observed with NPM1 mutations. EGFR expression is more common in patients with NPM1 mutation compared to patients with FLT3 mutation without showing any adverse effect.
